Introduction
============

Stroke is one of the main causes of death and permanent disability worldwide ([@b1-ijmm-45-05-1447]). Cerebral artery occlusion can cause acute ischemic stroke. Acute ischemic stroke accounts for \>80% of all strokes ([@b2-ijmm-45-05-1447]). Although some progress has been made in post-stroke treatment, stroke intervention is still insufficient ([@b1-ijmm-45-05-1447]). To date, no successful long-term neuroprotective therapy has been identified in clinical trials ([@b3-ijmm-45-05-1447]--[@b5-ijmm-45-05-1447]). The ischemic core is considered to be an irreparably damaged area. Due to a serious lack of blood flow, numerous nerve cells die within a few minutes after occlusion ([@b6-ijmm-45-05-1447]). The ischemic penumbra was first proposed by Astrup *et al* ([@b7-ijmm-45-05-1447]). The penumbra is an area of the brain tissue that is damaged but not yet dead after local ischemia ([@b8-ijmm-45-05-1447]). Clinically, the ischemic penumbra is called the low perfusion area around the ischemic core. If the cerebral blood flow is restored in a timely manner, the damaged nerve cells can be saved ([@b9-ijmm-45-05-1447]). Neurogenesis (the birth of new neurons) is a process involving the production of functional neurons from precursor cells and occurs throughout the life cycle of the mammalian brain, indicating it is an attractive target for potential intervention ([@b10-ijmm-45-05-1447],[@b11-ijmm-45-05-1447]). Most studies have focused on newborn, perinatal and adult rodents, and few have evaluated neurogenesis and myelin repair in adolescents after stroke. Adult neurogenesis is different from developmental neurogenesis ([@b12-ijmm-45-05-1447]--[@b14-ijmm-45-05-1447]). In the developing brain, immature neurons are extremely sensitive and vulnerable to widespread insults and toxic exposures ([@b15-ijmm-45-05-1447]). A recent study reported that 3 to 4-week-old mice have fully developed brains and juvenile mice show mature brain neurons like adult mice, and are not vulnerable to the factors found in neonatal and perinatal brain development ([@b10-ijmm-45-05-1447]). Therefore, the juvenile brain is an ideal choice for the study of neurogenesis ([@b10-ijmm-45-05-1447]). Elucidation of the signaling molecules and related signaling pathways involved in the protection of nerve cells in the ischemic penumbra after juvenile ischemic stroke is needed.

However, whether in the development of the central nervous system (CNS) or after CNS damage, the Wnt/β-catenin signal transduction pathway plays a key role remains to be elucidated ([@b16-ijmm-45-05-1447]). It has been found that Wnt3a is an important protein in the Wnt family. It is involved in neurogenesis in the hippocampus and cortex ([@b17-ijmm-45-05-1447],[@b18-ijmm-45-05-1447]). Research showed that intranasal administration of Wnt3a can enhance the neuroprotection and regeneration of the Wnt signaling pathway after focal ischemic stroke in mice ([@b19-ijmm-45-05-1447]). Previous studies have shown that Wnt signal transduction is the main regulator of hippocampal neurogenesis in adults ([@b20-ijmm-45-05-1447]--[@b23-ijmm-45-05-1447]). Activating the Wnt pathway *in vivo* and *in vitro* was shown to increase neurogenesis, and blocking the Wnt pathway inhibited the proliferation and differentiation of rat neural progenitor cells (NPCs) ([@b20-ijmm-45-05-1447]). Moreover, Wnt signaling promotes functional recovery by increasing neurogenesis ([@b24-ijmm-45-05-1447]).

Physical exercise can promote neurogenesis, angiogenesis and enhance dendritic modification and synaptic plasticity ([@b25-ijmm-45-05-1447],[@b26-ijmm-45-05-1447]). Promoting brain-derived neurotrophic factor (BDNF) expression during development can regulate the cell signal transduction pathway, promote neuronal regeneration and contribute to synaptic plasticity, learning, memory and sensorimotor recovery ([@b27-ijmm-45-05-1447]). Treadmill exercise promotes oligodendrocytes and, thus, myelination. In addition, the improvement of ischemia-induced myelin injury by long-term exercise is related to increased BDNF expression ([@b28-ijmm-45-05-1447]). Although the authors' previous studies ([@b25-ijmm-45-05-1447],[@b29-ijmm-45-05-1447],[@b30-ijmm-45-05-1447]) have focused on the neuroprotective effect of treadmill exercise in adult rats its neuroprotective effect on juvenile rats has not been explored.

In this study, it was shown that treadmill exercise promoted neurogenesis and myelin repair in juvenile rats. The inhibitor of the Wnt signaling pathway was used to elucidate the role of the Wnt/β-catenin signaling pathway in treadmill exercise-promoted neurogenesis and myelin repair. It was further clarified that neurogenesis and myelin repair after ischemic stroke are closely related to treadmill exercise and the Wnt/β-catenin signaling pathway.

Materials and methods
=====================

Reagents
--------

Anti-Wnt3a (1:1,000; EMD Millipore), anti-β-catenin (1:5,000; Abcam), anti-BDNF (1:1,000; Abcam), anti-myelin basic protein (MBP; 1:1,000; Abcam), anti-Dcx (1:200; Abcam), anti-NESTIN (1:200; Abcam), anti-GAPDH (1:2,000; Abcam), anti-Lamin B1 (1;1,000; Abcam), XAV939 (Selleck Chemicals), 2,3,5-triphenyl tetrazolium chloride (TTC; Sigma-Aldrich; Merck KGaA), phenylmethylsulfonyl-fluoride (Beijing Solarbio Science & Technology Co., Ltd.), Clarity™ Western ECL Substrate kit (Bio-Rad Laboratories, Inc.), Alexa Fluor 488 AffiniPure Donkey Anti-Mouse IgG and Alexa Fluor 594 AffiniPure Goat Anti-Rabbit IgG (1:200; Yesen Bio), 4,6-diamidino-2-phenylindole (DAPI; Beyotime Institute of Biotechnology).

Animals
-------

The Shanghai Experimental Animal Center provided 171 juvenile Sprague-Dawley male rats (weight, 80--90 g; Sprague Dawley rats were weaned for 21 days and matured for 6 to 7 weeks). The Animal Research Committee of Wenzhou Medical University approved the present experimental project and all the experimental followed the guidelines of the National Institutes of Health on the Care and Use of Animals (ethical no. wydw2019--0766). The animals were placed in a suitable environment (4 rats per cage, relative humidity 55±5%, 22°C, 12-h light/dark cycle) and had free access to food and water. The rats were randomly divided into 9 groups: Sham operation group (n=19; S group); model group 7 and 14 days, respectively (M7: n=19 and M14: n=19); treadmill training models (EM7: n=19 and EM14: n=19); inhibitor treatment models (IM7: n=19 and IM14: n=19); and inhibitor treatment and treadmill training models (IEM7: n=19 and IEM14: n=19). The present research was conducted following these criteria ([@b31-ijmm-45-05-1447]): i) Randomization, ii) allocation concealment and iii) blinded assessment of outcome.

Middle cerebral artery occlusion (MCAO) model of focal brain ischemia
---------------------------------------------------------------------

Briefly, rats were anesthetized with 3% isoflurane vaporized in 30% O~2~/70% N~2~ until they were unresponsive to the tail pinch test and then fitted with a nose cone blowing 1.5% isoflurane for anesthesia maintenance (Shenzhen RWD Life Science Co., Ltd.) during surgery. After the rats were anesthetized, they were placed in the supine position on the sterilized operating table and an incision was made in the right side of the neck. The common carotid artery and external carotid artery (ECA) was separated from the peripheral connective tissue without injury to peripheral muscles and nerves. A small gap was opened in the stump of the ECA and then a small silicon-coated surgical nylon monofilament (0.24±0.02 mm/l, 2,400; Guangzhou Jialing Biotechnology Co., Ltd.) was inserted into the lumen of the internal carotid artery (ICA), and the operation was stopped \~17 mm from the far end of the ICA bifurcation to block the middle cerebral artery (MCA). The rats during and after the operation were preserved under a 37°C heating pad. After 1.5 h of occlusion, the filament in the rat ICA was removed under a light microscope (Olympus Corporation) and the blood flow was restored, and the reperfusion was allowed for 7 or 14 days. The rats in the sham operation group were treated with the same surgical method as the experimental group except for the insertion of the surgical nylon monofilament. A total of 59 rats were excluded from the present study, including 14 rats with low Zea Longa score (0 or 4) ([@b32-ijmm-45-05-1447]) and 45 rats that died. Among the 45 rats that died, 14 rats died of brain edema, 9 died of subarachnoid hemorrhage, 13 died of massive haemorrhage and 9 died of long operation time. In addition, all juvenile rats were anesthetized by intraperitoneal injection of pentobarbital sodium (65 mg/kg) before sacrifice.

Treadmill exercise and inhibitor
--------------------------------

In this study, a small animal electric treadmill was used (XR-PT-10A; Shanghai XinRuan Information Technology Co., Ltd.). Before MCAO, the animals received three days of adaptive treadmill training. The EM group and IEM group underwent treadmill training at 0 slope, 8 m/min, 30 min/d and 5 d/for 7 days or 14 days, respectively.

XAV939, a small molecule inhibitor of Wnt/β-catenin signaling (40 mg/kg; intraperitoneal injection) was used. In short, immediately after MCAO, XAV-939 was injected into the IM7 group and the IEM7 group, and then injected every 24 h for 7 days. Also, in IM14 group and IEM14 group, immediately after MCAO, XAV-939 was injected into IM14 group and IEM14 group, and then injected every 24 h for 14 days. the dose of XAV939 was determined based on dose-response studies and published reports ([@b33-ijmm-45-05-1447],[@b34-ijmm-45-05-1447]). In addition, rats of the other groups (S, M and EM) were simultaneously injected with the same amount of physiological saline.

Evaluation of neurologic deficit scores
---------------------------------------

A total of two independent examiners performed the modified nerve severity score (mNSS) test ([@b35-ijmm-45-05-1447]) at 1, 7 and 14 days after MCAO. The researchers were blinded to the treatment group ([Table I](#tI-ijmm-45-05-1447){ref-type="table"}).

Infarct volume assessment
-------------------------

For determination of the volume of cerebral infarction, TTC staining was performed on consecutive sections of bregma +4.0--6.0 mm. the brain was cut with a blade into five consecutive coronal sections separated by 2.0 mm. The obtained brain tissue was frozen at −20°C for 10 min. Then, all brain slices were immediately immersed in 2% TTC solutions, at 37°C for 30 min and fixed at 4°C for 24 h in 4% paraformaldehyde buffer. In 5 sections, the total cerebral infarction volume was equal to the sum of the infarction area. The correction formula for calculating the infarction volume with minimization of the error caused by brain edema is as follows ([@b36-ijmm-45-05-1447]): Infarct percentage = \[(contralateral hemisphere region-non-infarcted region in the ipsilateral hemisphere)/volume of the contralateral hemisphere\] \* 100%. Then, the analysis was carried out using ImageJ software (ImageJ bundled with 64-bit Java 1.8.0_112; National Institutes of Health).

Bromodeoxyuridine injection and tissue preparation
--------------------------------------------------

Bromodeoxyuridine (BrdU; 50 mg/kg/day) was injected intraperitoneally into rats every day after MCAO for 7 or 14 days to label newly formed cells. The proliferation of neural stem cells (NSCs) and the differentiation of NSCs were observed by double immunofluorescence.

At 7 and 14 days after MCAO, 3 rats in each group were sacrificed. Under deep anesthesia with pentobarbital sodium (65 mg/kg; intraperitoneally), the rats were perfused with 0.9% sodium chloride (4°C) and then perfused with 4% paraformaldehyde (Sigma-Aldrich; Merck KGaA) in 0.1 mol/l phosphate buffer (pH 7.4). The whole brain was collected, fixed at 4°C for 24 h, dehydrated and finally embedded in paraffin wax. Then, coronal sections of 5 μm were sliced by a microtome (Kedee Instrumental Equipment Co. Ltd.) for hematoxylin-eosin (H&E) or Nissl staining. The rat samples used for immunofluorescence labeling were removed and stored in the same fixation solution at 4°C for 24 h and soaked overnight in 0.1 M phosphate buffer (20 and 30% sucrose) at 4°C. The brain tissue was embedded and frozen at −80°C in the optimal cutting temperature complex. Finally, the coronal section of the ischemic penumbra was cut with a cryostat (CM1900; Leica Microsystems GmbH) (5 μm thick).

H&E staining
------------

At least 3 slices were taken from each rat, dewaxed in xylene and then dehydrated in alcohol. Finally, H&E staining was performed at room temperature for 2 h, and observed under a light microscope (Olympus Corporation). Pathological changes in brain tissue were observed, images were captured and recorded.

Toluidine blue (Nissl) staining
-------------------------------

The slices were washed 3 times. The slices were dyed at 37°C with 1% toluene blue solution for 30 min. The tissue was decolorized and dehydrated with ethanol and sealed with neutral resin. Under light microscopy (Olympus Corporation), the Nissl bodies of neurons were blue and purple.

Luxol fast blue (LFB) staining
------------------------------

The brain tissue was embedded in paraffin and then, the 5 μm thick coronal slices were stained with 0.1% LFB (cat. no. S3382; Sigma-Aldrich; Merck KGaA) at 60°C for 2 h. The slices were soaked in 0.05% lithium carbonate solution to distinguish white matter from gray matter. Finally, the slices were placed in distilled water, re-dyed at room temperature in cresol purple solution for 30--40 sec and then washed with distilled water.

Immunofluorescence
------------------

The slices were dried, then restored to room temperature and soaked in 0.01 M phosphate buffer (PBS, pH 7.6) 3 times for 5 min. The sections were blocked for 1 h (20--22°C) with 10% goat serum (cat. no. C0265; Beyotime Institute of Biotechnology) containing 0.3% Triton X-100. Dcx/BrdU and Nestin/BrdU double immunofluorescence staining was performed. Samples were incubated at 37°C with 1N HCL for 30 min before blocking and then denatured twice for 10 min with borate buffer (pH 8.4). Then mixtures of mouse anti-BrdU antibody (dilution, 1:1,000; cat. no. MAB4072; EMD Millipore) and rabbit anti-Dcx antibody (dilution, 1:200; cat. no. ab207175; Abcam), mixtures of mouse anti-BrdU antibody and rabbit anti-Nestin antibody (dilution, 1:200; cat. no. ab105389; Abcam), and rabbit anti-BDNF antibody (dilution, 1:100; cat. no. ab108319; Abcam), used as antibodies for Dcx/BrdU, Nestin/BrdU and BDNF, respectively, were separately added for incubation overnight at 4°C. Next, the sections were restored to room temperature. Then, the slices were soaked in 0.01 M PBS 3 times for 5 min and performed with the corresponding Alexa Fluor 488 AffiniPure Donkey Anti-Mouse IgG (dilution, 1:200; cat. no. 34106ES60; Shanghai Yeasen Biotechnology Co., Ltd.) and Alexa Fluor 594 AffiniPure Goat Anti-Rabbit IgG (dilution, 1:200; cat. no. 33112ES60; Shanghai Yeasen Biotechnology Co., Ltd.) secondary antibodies for 1 h at room temperature. Nuclei were counterstained at room temperature for 10 min with DAPI. The negative control sections were incubated with 0.01 M PBS instead of primary antibody and no positive fluorescence signal was found. According to the present team's previous explorations and classical anatomical methods, the area of observation of the ischemic penumbra is as shown in [Fig. 1C and D](#f1-ijmm-45-05-1447){ref-type="fig"} ([@b37-ijmm-45-05-1447]). Brain sections were covered and the ischemic penumbra was observed and analyzed by fluorescence microscopy (BX51; Olympus Corporation) in all sections. Counting the positive cells of 5 non-overlapping fields (x400-fold) on one slice using Image-Pro Plus 5.0 analysis software (Media Cybernetics, Inc.).

Western blot analysis
---------------------

As in the authors' previous publication ([@b26-ijmm-45-05-1447]), coronal sections were performed at 4 and 9 mm from the prefrontal lobe, and then the left and right brains were separated. Finally, sagittal sections were performed on the 1.0--1.5 mm from the midline of the brain. a transverse diagonal cut was then performed at \~'10 o'clock' to separate the core from the penumbra ([@b38-ijmm-45-05-1447]) ([Fig. 1A and B](#f1-ijmm-45-05-1447){ref-type="fig"}). According to the protocol of rat brain tissue extraction kit (Beyotime Institute of Biotechnology), total protein and nuclear protein were extracted respectively. The protein concentration was detected by a BCA protein detection kit (Beyotime Institute of Biotechnology). The same amount of protein (50 μg) was transferred to a polyvinylidene difluoride (EMD Millipore) membrane after 10% SDS-PAGE analysis. The membranes were blocked with 5% skim milk at room temperature for 2 h. Wnt3a, β-catenin, BDNF, MBP, GAPDH and Lamin B1 were incubated on a 4°C shaking table overnight. TBS with 0.05% Tween-20 was washed three times and then, the membranes were soaked in horseradish peroxidase-conjugated secondary antibody (HRP AffiniPure Goat Anti-Rabbit IgG (H+L); dilution, 1:10,000; cat. no. E030120; EarthOx, LLC) at room temperature for 1.5 h. The protein imaging was detected by a Clarity™ Western ECL Substrate kit (cat. no. 1705060; Bio-Rad Laboratories, Inc.). ImageJ software (National Institute of Health) was used for quantitative analysis.

Transmission electron microscopy (TEM)
--------------------------------------

The rats were sacrificed at 7 and 14 days after MCAO, and ultrastructural changes of neurons in the ischemic penumbra cortex was observed by TEM. The specimens were fixed for at least 2 h with 2.5% (w/v) glutaraldehyde overnight, washed three times for 10 min in PBS and then soaked with 2% (v/v) osmium tetroxide at 37°C for 1 h. The specimens were taken out and rinsed twice, then stained at room temperature for 2 h with 1% uranyl acetate and dehydrated with acetone. After dehydration, the tissue was embedded in the mixture of acetone and entrapped liquid (1:1) for incubation at 37°C for 2 h, followed by maintenance in mixture of acetone and entrapped liquid (1:4) for incubation at 37°C overnight. After that, the tissue was soaked in entrapped liquid for 2 h at 45°C, followed by incubation at 45°C for 3 h and 65°C for 48 h to obtain the coronal sections. Semi-thin sections and toluidine blue staining were used for localization observation. Finally, at least three ultra-thin sections in each sample were observed by TEM (JEM-1200EX; JEOL, Ltd.).

Statistical analysis
--------------------

All analyses were performed using GraphPad Prism 4.0 (GraphPad Software, Inc.) or IBM SPSS 25.0 statistical software (IBM Corp.). Multiple comparisons were carried out by one-way analysis of variance (ANOVA) with Tukey (when equal variances assumed) or Dunnett's T3 (when equal variances not assumed) post-hoc analysis. P\<0.05 was considered to indicate a statistically significant difference. The data are reported as the mean ± standard deviation.

Results
=======

Treadmill training attenuates neurological deficits, reduces infarct size and decreases the damage of brain tissue and deformation of neurons, while the inhibitor increases infarct injury
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

### Treadmill training attenuates neurologic deficits

As shown in the [Table II](#tII-ijmm-45-05-1447){ref-type="table"} and [Fig. 1G](#f1-ijmm-45-05-1447){ref-type="fig"}, the S group was normal (the scores=0). One day after MCAO, there were no significant differences in the scores of neurological impairments among the four groups (P\>0.05) and the scores decreased gradually with the number of days. The score of the EM group was decreased compared with the M group in the same period (EM7 vs. M7: P\<0.01; EM14 vs. M14: P\<0.01). The scores of the IM group were increased compared with the M group (IM7 vs. M7: P\<0.05; IM14 vs. M14: P\<0.01). The score of the EM group was decreased compared with the IEM group (IEM7 vs. EM7: P\<0.01; IEM14 vs. EM14: P\>0.05).

### Treadmill training reduces the infarct volume

As shown in [Fig. 1E and F](#f1-ijmm-45-05-1447){ref-type="fig"}, the white area represents damaged brain cells, and the red area represents functional cells. As expected, no infarction was observed in group S. TTC staining showed that the infarct volume in the EM group was smaller than that in the M group during the same period (P\<0.01), while the infarct volume in the IM group was larger than that in the M group during the same period (P\<0.01). Compared with the EM group, the IEM group had larger infarct volumes (IEM7 vs. EM7: P\<0.05; IEM14 vs. EM14: P\<0.01) ([Table III](#tIII-ijmm-45-05-1447){ref-type="table"}).

### Treadmill training decreases the damage of brain tissue and deformation of neurons

As shown in [Fig. 2](#f2-ijmm-45-05-1447){ref-type="fig"}, no infarction in the S group was found, but infarction was discovered in the ischemic areas of the other groups. In group S, as shown in [Fig. 2](#f2-ijmm-45-05-1447){ref-type="fig"}, the neurons in the cerebral cortex were regular in shape and normal in structure. The nucleolus was clear. In the M and IM groups, numerous neurons in the ischemic penumbra were deformed and necrotic. Increased nuclear pyknosis and nuclear fragmentation occurred compared with in the S group. The Nissl bodies were narrowed, deeply stained and in some instances, disappeared. The cells were swollen, the surrounding space was enlarged and the shape was irregular. In the EM and IEM groups, the cells had a normalized arrangement, and a few cells were deformed and necrotic.

### Treadmill training enhances the activation of Wnt/β-catenin signaling pathway in the ischemic penumbra

Compared with group M, the expression of Wnt3a and nuclear β-catenin protein in the EM group was increased (Wnt3a, EM7 vs. M7: P\<0.01; EM14 vs. M14: P\<0.05; nuclear β-catenin, EM7 vs. M7: P\<0.01; EM14 vs. M14: P\<0.05; [Fig. 3A and B](#f3-ijmm-45-05-1447){ref-type="fig"}). Compared with group S, the expression of Wnt3a and nuclear β-catenin protein in the M group was increased (Wnt3a, S vs. M7: P\<0.05; S vs. M14: P\>0.05; nuclear β-catenin, S vs. M7: P\<0.01; S vs. M14: P\<0.01; [Fig. 3A and B](#f3-ijmm-45-05-1447){ref-type="fig"})

### Treadmill training increases the expression level of BDNF in the ischemic penumbra

The expression of BDNF protein and the number of BDNF-positive cells in the M groups was increased compared with in the S groups (western blotting: BDNF, S vs. M7: P\<0.05; S vs. M14: P\>0.05; immunofluorescence: BDNF, S vs. M7: P\<0.01; S vs. M14: P\<0.01). Similarly, the expression of the BDNF protein and the number of BDNF-positive cells in EM group were increased compared with in the M group (western blotting: BDNF, EM7 vs. M7: P\<0.01; EM14 vs. M14: P\<0.05; immunofluorescence: BDNF, EM7 vs. M7: P\<0.01; EM14 vs. M14: P\<0.01; [Fig. 4A--C](#f4-ijmm-45-05-1447){ref-type="fig"}).

### Treadmill training improves regenerative neurogenesis in the ischemic penumbra

Nestin/BrdU is a specific marker of proliferating NSCs. Dcx/BrdU is a specific marker of proliferating neuroblasts and differentiating neurons ([@b14-ijmm-45-05-1447]). There were almost no Dcx/BrdU-positive cells and Nestin/BrdU-positive cells in the ischemic penumbra of the S group in this study. Compared with that of the sham group, the number of Nestin/BrdU-positive cells in the MCAO group increased, peaked at 7 days and then decreased at 14 days (P\<0.01 vs. sham). Similarly, compared with that of the M group, the number of Nestin/BrdU-positive cells in the EM group further increased and the number of cells in the EM group peaked at 7 days and showed a downward trend at 14 days (EM7 vs. M7: P\<0.01; EM14 vs. M14: P\<0.01; [Fig. 3C and E](#f3-ijmm-45-05-1447){ref-type="fig"}). The number of the Dcx/BrdU-positive cells reached a peak at 14 days in the M group and EM group. The Dcx/BrdU-positive cells in group M were significantly increased compared with that of the sham operation group (P\<0.01 vs. sham). Similarly, on the 7 and 14th days, the Dcx/BrdU-positive cells in the EM group were significantly increased compared with in the M group (EM7 vs. M7: P\<0.01; EM14 vs. M14: P\<0.01; [Fig. 3D and F](#f3-ijmm-45-05-1447){ref-type="fig"}).

The present study used TEM to observe the ultrastructure of the neuron nucleus ([Fig. 4D](#f4-ijmm-45-05-1447){ref-type="fig"}). In the specimens of group S, it was observed that the distribution of nuclear chromatin was uniform, the double nuclear membrane of the neuron was clear and complete. TEM analysis showed that compared with those of group S, the chromatin distribution of group M was irregular, the nuclear membrane structure was blurred and the mitochondrial crest was deformed. In the EM group, the damage of nucleus was alleviated and the contraction of nuclear membrane was not obvious. The edge of the nucleus was smooth and a few of the inner cristae of mitochondria were broken.

### Treadmill training increases the repair of myelin in the ischemic penumbra

To investigate the effect of treadmill exercise on myelin repair, the expression level of the myelin marker MBP was analyzed in the ischemic penumbra. As shown in [Fig. 5A](#f5-ijmm-45-05-1447){ref-type="fig"}, western blot analysis showed that the expression of MBP in the M group was significantly decreased compared with the S group (P\<0.01). At 7 or 14 days after MCAO, compared with M group, the expression of MBP protein in EM group was increased (EM7 vs. M7: P\<0.05; EM14 vs. M14: P\<0.05). In sham brain sections, the myelinated fibers were strongly stained by LFB, the myelinated fibers were dense and uniform, and the morphology of the myelinated fibers was complete. After 7 and 14 days of MCAO, all groups, except for the S group, showed lesions in the cortex and subcortex. In the M group, LFB staining analysis showed significant demyelination in the ischemic penumbra. Demyelination was significantly decreased in the EM group compared with the group M during the same period ([Fig. 5B](#f5-ijmm-45-05-1447){ref-type="fig"}).

### Inhibitor abolishes neurogenesis in the ischemic penumbra

After the addition of the Wnt/β-catenin pathway inhibitor XAV939, compared with the M group, the protein expression of Wnt3a and nuclear β-catenin in the IM group was decreased. (Wnt3a, IM7 vs. M7: P\<0.01; IM14 vs. M14: P\<0.01; nuclear β-catenin, IM7 vs. M7: P\<0.01; IM14 vs. M14: P\<0.01; [Fig. 6A and B](#f6-ijmm-45-05-1447){ref-type="fig"}). Compared with the M group, the expression of the BDNF protein in the IM group was decreased during the same period (IM7 vs. M7: P\<0.01; IM14 vs. M14: P\<0.01; [Fig. 7A](#f7-ijmm-45-05-1447){ref-type="fig"}). The same trend was observed in the BDNF-positive cells (IM7 vs. M7: P\<0.01; IM14 vs. M14: P\<0.01; [Fig. 7B and C](#f7-ijmm-45-05-1447){ref-type="fig"}). Compared with the M7 group, the number of Dcx/BrdU positive cells in the IM7 group had no significant change, while there was a decrease in the number of Dcx/BrdU-positive cells between group M14 and group IM14 (Dcx/BrdU, IM7 vs. M7: P\>0.05; IM14 vs. M14: P\<0.05; [Fig. 6D and F](#f6-ijmm-45-05-1447){ref-type="fig"}). There was a difference in the number of Nestin/BrdU-positive cells between group M7 and group IM7. Compared with the M14 group, the number of Nestin/BrdU-positive cells in the IM14 group had no significant change (IM7 vs. M7: P\<0.01; IM14 vs. M14: P\>0.05; [Fig. 6C and E](#f6-ijmm-45-05-1447){ref-type="fig"}).

In terms of neuronal structure, TEM showed that compared with group M, the IM group showed dissolved cytoplasm, coacervation of nuclear chromatin and a shrunken or dissolved nuclear membrane. Most of the organelles disappeared and only a small number of denatured mitochondria (with focal cavitation) were present ([Fig. 7D](#f7-ijmm-45-05-1447){ref-type="fig"}).

### Inhibitor abolishes myelin repair in the ischemic penumbra

The expression of MBP and the degree of demyelination at 7 and 14 days after injection of the inhibitor was further examined. Compared with group M, the expression of MBP protein in the IM group was decreased (IM7 vs. M7: P\<0.01; IM14 vs. M14: P\<0.01; [Fig. 8A](#f8-ijmm-45-05-1447){ref-type="fig"}). LFB staining showed that compared with group M, the integrity of the myelin sheath was decreased and demyelination was increased in group IM ([Fig. 8B](#f8-ijmm-45-05-1447){ref-type="fig"}).

### Inhibitor suppresses exercise-promoted neurogenesis in the ischemic penumbra

After 7 and 14 days of MCAO, four groups of EM7, IEM7, EM14 and IEM14 were designed to prove whether the Wnt/β-catenin signaling pathway was involved in exercise-promoted neurogenesis. The results showed that compared with group EM, the expression of Wnt3a and nucleus β-catenin protein in group IEM were decreased (Wnt3a, IEM7 vs. EM7: P\<0.01; IEM14 vs. EM14: P\<0.05; nucleus β-catenin, IEM7 vs. EM7: P\<0.01; IEM14 vs. EM14: P\<0.01; [Fig. 9A and B](#f9-ijmm-45-05-1447){ref-type="fig"}). During the same period, compared with group EM, the expression of BDNF protein and the number of BDNF positive cells in group IEM were decreased (western blotting: IEM7 vs. EM7: P\<0.01; IEM14 vs. EM14: P\<0.05; immunofluorescence: IEM7 vs. EM7: P\<0.01; IEM14 vs. EM14: P\<0.01; [Fig. 10A--C](#f10-ijmm-45-05-1447){ref-type="fig"}). At 7 and 14 days after MCAO, the expression levels of Dcx/BrdU-and Nestin/BrdU-positive cells in the EM group were different from those in the IEM group ([Fig. 9C--F](#f9-ijmm-45-05-1447){ref-type="fig"}). At 7 days, there was a significant difference in the number of Dcx/BrdU-positive cells between IEM7 and EM7. However, at 14 days, there was no difference in the IEM14 group compared with the EM14 group. Similarly, there was no significant difference in the number of Nestin/BrdU-positive cells between IEM14 and EM14. However, at 7 days, the number of positive cells in the IEM7 group was reduced compared with the EM7 group (Dcx/BrdU, IEM7 vs. EM7: P\<0.01; IEM14 vs. EM14: P\>0.05; Nestin/BrdU, IEM7 vs. EM7: P\<0.01; IEM14 vs. EM14: P\>0.05).

By observing the ultrastructure of neuronal nuclei under the TEM, the present study found that the IEM group showed edema in the cytoplasm of the neurons, mitochondrial swelling, mitochondrial crest deformation and organelle reduction compared with the EM group ([Fig. 10D](#f10-ijmm-45-05-1447){ref-type="fig"}).

### Inhibitor abolishes exercise-promoted myelin repair in the ischemic penumbra

The current study further detected the expression of MBP and the changes in LFB staining at 7 or 14 days in group EM7, IEM7, EM14 and IEM14. Compared with group EM, the expression of MBP protein in group IEM was decreased (IEM7 vs. EM7: P\<0.05; IEM14 vs. EM14: P\<0.01; [Fig. 11A](#f11-ijmm-45-05-1447){ref-type="fig"}). The results of LFB staining showed that compared with those of the EM group, the myelin staining in the IEM group became lighter, the integrity became worse and the degree of demyelination increased ([Fig. 11B](#f11-ijmm-45-05-1447){ref-type="fig"}).

Discussion
==========

The authors' previous studies have shown that treadmill exercise can promote angiogenesis and neurogenesis in the ischemic penumbra of adult rats. In addition, treadmill exercise can promote dendritic modification and synaptic plasticity ([@b25-ijmm-45-05-1447],[@b29-ijmm-45-05-1447]). In this study, the mechanism of neurogenesis and myelin repair after ischemic stroke in juvenile rats was focused on. The results showed that treadmill exercise can promote neurogenesis and myelin repair after ischemic stroke in juvenile rats. In addition, the Wnt/β-catenin signaling pathway was involved in neurogenesis and myelin repair stimulated by treadmill training.

For a long time, the focus of research has been on the use of neurogenesis to promote neuronal replacement and enhance endogenous brain repair. However, studies have found that only a very small number of neurons survive in neurogenesis after adult ischemic stroke ([@b39-ijmm-45-05-1447]). The latest research shows that after cerebral ischemia, significant reaggregation of neurons in the juvenile striatum occurs, indicating that the juvenile brain has the ability to repair itself ([@b10-ijmm-45-05-1447]). In the present study, Nestin/BrdU- and Dcx/BrdU-positive cells increased in group M at 7 and 14 days after MCAO. Nestin/BrdU-positive cells reached the peak on the 7th day and then decreased gradually. The number of Dcx/BrdU-positive cells increased throughout and reached its peak on the 14th day. In addition, the expression levels of Wnt3a, nuclear β-catenin and BDNF increased on the 7 and 14th days after MCAO. Physical exercise has a neuroprotective effect on both human and animals. A previous study has shown that pre-ischemic treadmill training reduces cerebral infarction volume, brain edema and neurological deficit and improves brain injury after ischemic stroke ([@b40-ijmm-45-05-1447]). The authors' previous studies have shown that after ischemic stroke in adult rats or mice, treadmill exercise enhanced neurogenesis by promoting proliferation, migration and differentiation into mature neurons of NPCs from the subventricular area to the ischemic penumbra ([@b29-ijmm-45-05-1447],[@b30-ijmm-45-05-1447]). In the present study, it was found that treadmill exercise promoted the expression of Nestin/BrdU- and Dcx/BrdU-positive cells in the ischemic penumbra of juvenile rats. It is suggested that treadmill exercise enhances neurogenesis by promoting the increment and migration of neuroblasts. More importantly, how to stimulate the neurogenesis of the penumbra and explore its mechanism is the focus of the current research.

After neonatal hypoxia-ischemia injury, treadmill exercise helps improve the recovery of behavior after hypoxia-ischemia via the upregulation of myelin components and neurogenesis ([@b41-ijmm-45-05-1447]). In addition, treadmill training combined therapy may improve motor and memory function by increasing the oligodendroglia involved in the cyclic AMP-responsive element-binding protein/BDNF signaling pathway, to restore the myelin components of neonates after hypoxia-ischemia ([@b13-ijmm-45-05-1447]). A study has identified that long-term exercise can promote the expression of BDNF and improve the myelin damage caused by ischemia ([@b28-ijmm-45-05-1447]). It was found that NPCs could proliferate and differentiate into oligodendrocyte progenitor cells (OPCs) after cerebral ischemia. OPCs can differentiate into mature oligodendrocytes to repair damaged myelin sheaths ([@b42-ijmm-45-05-1447]). Oligodendrocyte injury and demyelination can lead to neurological functional deficits ([@b43-ijmm-45-05-1447]--[@b45-ijmm-45-05-1447]). A previous study has shown that exercise can restore ischemia-induced myelinated hippocampal nerve fiber injury ([@b28-ijmm-45-05-1447]). In the present study, treadmill exercise promoted the expression of MBP in the penumbra and reduced demyelination. In this study, treadmill exercise may alleviate brain injury after stroke by promoting neurogenesis and myelin repair. However, the mechanism of brain protection by treadmill training remains to be studied.

A previous study has shown that there is a pathological decrease in Wnt activity in subventricular zone (SVZ) after ischemic stroke ([@b19-ijmm-45-05-1447]). More importantly, administration of exogenous Wnt3a can promote the migration and differentiation of newborn neuroblasts to the ischemic cortex ([@b19-ijmm-45-05-1447]). It was found that the increased expression of β-catenin could regulate Wnt3a ([@b46-ijmm-45-05-1447]). Moreover, it was found that the Wnt pathway is directly involved in the upregulation of BDNF, indicating that the Wnt/β-catenin signaling pathway is one of the upstream pathways of BDNF ([@b19-ijmm-45-05-1447]). BDNF plays an important role in brain development and brain injury. BDNF can promote neurogenesis, improve synaptic plasticity, and nourish neurons ([@b47-ijmm-45-05-1447],[@b48-ijmm-45-05-1447]). Moreover, BDNF is released by neurons and secreted mainly through dendrites ([@b49-ijmm-45-05-1447]--[@b51-ijmm-45-05-1447]). It is reported that exogenous BDNF injection can promote neuronal regeneration, while the loss of BDNF inhibited the differentiation of intermediate neurons in mice ([@b52-ijmm-45-05-1447]--[@b54-ijmm-45-05-1447]). It has been found that activation of the Wnt signaling pathway in SVZ can promote endogenous neurogenesis, increase the number of new neurons and improve nerve function after injury ([@b19-ijmm-45-05-1447]). A previous study has shown that neurogenesis in the adult brain may contribute not only to brain repair but also to overall plasticity ([@b55-ijmm-45-05-1447]). Interestingly, in this research, it was found that neurogenesis after ischemic stroke in juvenile rats also promotes potential brain repair. Consistent with a previous study ([@b29-ijmm-45-05-1447]), at 7 and 14 days after treadmill exercise in juvenile MCAO rats, numerous newborn neuroblasts in the ischemic penumbra were observed. Moreover, an increase in Wnt3a, nucleus β-catenin and BDNF protein levels and BDNF-positive cells were found in the EM7 and EM14 groups.

Rehabilitation training after stroke is a long process, which is consistent with previous studies. ([@b25-ijmm-45-05-1447],[@b29-ijmm-45-05-1447],[@b56-ijmm-45-05-1447]). The present study found that compared with 7 days, the volume of cerebral infarction and mNSS score decreased in 14 days. This change may be achieved through some protective responses, strong collateral circulation and favorable external intervention factors ([@b26-ijmm-45-05-1447]). These results suggest that treadmill exercise promotes the repair of brain injury by upregulating important molecules in the Wnt signaling pathway and increasing neurogenesis in the ischemic penumbra.

The current study used XAV-939, an inhibitor of the Wnt pathway, to determine the role of the Wnt pathway in the ischemic penumbra. When ischemic stroke occurs, the Wnt signaling pathway is activated. Inhibitors can aggravate neurological deficits and increase the volume of cerebral infarction. The present study found that on the 7 and 14th day after MCAO, the number of Nestin/BrdU- and Dcx/BrdU-positive cells in the IM group was decreased compared with the M group. This finding is consistent with the results of a previous study ([@b19-ijmm-45-05-1447]). Nissl staining and TEM results showed that neuronal damage was aggravated in the IM group compared with the M group. LFB staining showed a decrease in myelinated fibers in the IM group compared with the M group. The present results showed that inhibition of Wnt/β-catenin pathway can reduce neurogenesis and myelin repair in the ischemic penumbra.

In addition, inhibitors were used in the treadmill exercise group to explore the relationship between neuroprotection induced by treadmill exercise and Wnt/β-catenin signaling pathway. At 7 and 14 days after MCAO, the number of Nestin/BrdU- and Dcx/BrdU-positive cells in the IEM group was decreased compared with the EM group, which was consistent with the low expression levels of Wnt3a, nuclear β-catenin and BDNF. LFB staining showed that compared with those in the EM group, the myelinated fibers in the IEM group decreased and the staining became lighter, which was consistent with the change in MBP expression. These results suggest that the inhibitor reverses the upregulation of Wnt3a, nuclear β-catenin and BDNF expression after treadmill training, reduces the expression of MBP, and weakens treadmill exercise-induced neurogenesis and myelin repair. It has been found that the neurovascular unit (NVU) is involved in brain injury and brain repair ([@b26-ijmm-45-05-1447]). Newly formed neuroblasts after stroke are located in the peri-infarction cortex and are closely related to the vascular endothelium ([@b56-ijmm-45-05-1447]). It has been found that the Wnt/β-catenin signaling pathway can regulate vascular development and angiogenesis ([@b57-ijmm-45-05-1447]). Activation of the Wnt/β-catenin signaling pathway after MCAO was reported to enhance the angiogenesis of the ischemic core ([@b58-ijmm-45-05-1447]). Wnt proteins are important mediators of intercellular communication. Wnt3a is involved in axonal regeneration after CNS injury. The latest studies on the CNS after injury in adults have shown that the classical Wnt signal transduction can induce axonal regeneration and neuronal growth, which indicates that the developmental effect of Wnt can be reused in adults through exogenous stimulation ([@b59-ijmm-45-05-1447],[@b60-ijmm-45-05-1447]). It has been found that promoting the expression of Wnt3a can increase vascular regeneration and vascular repair in the peri-infarct region ([@b19-ijmm-45-05-1447]). In the model of crush injury of the optic nerve in mice, intravitreal injection of classical Wnt/β-catenin signal activator Wnt3a caused obvious axonal growth beyond the site of axonal lesion ([@b61-ijmm-45-05-1447]). Wnt3a signal transduction promotes neurite growth, increases neuronal function and induces repair after spinal cord contusion in adult rats ([@b62-ijmm-45-05-1447]). Previous studies have shown that exogenous Wnt3a mediated by lentivirus vectors enhances neurogenesis *in vivo* ([@b20-ijmm-45-05-1447]). In addition, exogenous Wnt3a can also promote the regeneration and differentiation of neural stem cells *in vitro* ([@b63-ijmm-45-05-1447]). In the present study, Wnt3a was focused on because of its established roles in neural development during embryogenesis, as well as in adult neurogenesis ([@b64-ijmm-45-05-1447]--[@b66-ijmm-45-05-1447]). Moreover, activation of Wnt3a/ β-catenin signaling directly regulates neurogenesis events, which includes a set of transcriptional changes leading to enhanced division and differentiation of Dcx^+^ neuroblasts out of the SVZ ([@b12-ijmm-45-05-1447],[@b67-ijmm-45-05-1447],[@b68-ijmm-45-05-1447]). Furthermore, Wnt3a is neuroprotective and may protect neurons during neurodegenerative processes, such as Alzheimer's disease and Huntington's disease ([@b69-ijmm-45-05-1447]--[@b71-ijmm-45-05-1447]). However, the relationship between neurogenesis and angiogenesis was not investigated in this study. Therefore, the current experiment can only prove that treadmill training promotes neurogenesis and myelin repair through the activation of the Wnt/β-catenin signaling pathway. In contrast, inhibiting the conduction of the Wnt signaling pathway will weaken the neuroprotective effect induced by treadmill training. However, it is unclear whether angiogenesis or pairing of NVUs is directly or indirectly involved in neurogenesis and myelin repair produced by treadmill training through the activation of the Wnt/β-catenin signaling pathway.

The present study has some limitations. First, the conditions to use real-time monitoring of cerebral blood flow unified modeling were not present, which may lead to modeling instability. Second, only a few signal pathway proteins were examined and no *in vitro* experiments were performed. Third, only neurogenesis in two periods after stroke (7 and 14 days) was studied; neurogenesis over a longer period of time, especially newborn mature neurons should be further studied. Fourth, except for LFB staining to observe the changes of myelin fibers and detect the expression level of the myelin marker protein MBP, no other analyses of proteins and cells related to myelin repair were conducted. In future experiments, the authors will work hard to improve the above deficiencies.

In conclusion, a new role for treadmill training in promoting neurogenesis and myelin sheath repair in juvenile rats was demonstrated. In addition, Wnt/β-catenin signaling pathway was shown to not only mediate neurogenesis and myelin repair, but also participate in exercise-mediated neurogenesis and myelin repair. However, after ischemic stroke, treadmill-induced neurogenesis and myelin repair is a complex process, involving numerous key factors, which need to be fully clarified.
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![Treadmill training attenuates neurological deficits and decreases infarct size, while the inhibitor increased infarct injury. (A and B) Site of ischemic core and ischemic penumbra area for the same rat. (A) Overall look for the site of ischemic core and ischemic penumbra area. (B) Local image on site of ischemic core and ischemic penumbra area; picture from the previous paper of the current team ([@b24-ijmm-45-05-1447]). (C) Hematoxylin & eosin staining. Scale bars=2 mm. (D) Nissl staining. Scale bars=1,000 μm. (C) and (D) are shown the location of ischemic penumbra. (E) Showed infarct volumes were assessed by 2,3,5-triphenyl tetrazolium chloride. (F) Percentage of infarct volume in each group. Data are presented as the mean ± standard deviation (n=5). ^\#\#^P\<0.001 vs. the M7 group; ^\$^P\<0.05 vs. the EM7 group; ^▲▲^P\<0.01 vs. the M14 group; ^&&^P\<0.01 vs. the EM14 group. (G) Neurological scores in different groups, in which EM7 vs. M7, P\<0.01; EM14 vs. M14, P\<0.01; IM7 vs. M7, P\<0.05; IM14 vs. M14, P\<0.01; IEM7 vs. EM7, P\<0.01; IEM14 vs. EM14, P\>0.05. M group, model group; EM group, treadmill training model group; mNSS, modified nerve severity score.](IJMM-45-05-1447-g00){#f1-ijmm-45-05-1447}

![Treadmill training decreases the damage of tissue structure; reduces the deformation of brain cells and neurons, while inhibitor increased infarct injury. (A) Nissl staining at 7 and 14 days. Scale bars=1,000 μm. (B) Nissl staining of the surviving cells at 7 days. Scale bars=50 μm. (C) Cell morphology by hematoxylin and eosin staining at 7 days. Scale bars=20 μm.](IJMM-45-05-1447-g01){#f2-ijmm-45-05-1447}

![Treadmill training enhances the activation of the Wnt/β-catenin signaling pathway and improves neurogenesis in the ischemic penumbra. (A) Protein expression levels and western blot analysis of Wnt3a. (B) Protein expression levels and western blot analysis of nucleus β-catenin. Data are presented as the mean ± SD (n=3). (C) IF of Nestin/BrdU-positive cells in the ischemic penumbra. (D) IF of Dcx/BrdU-positive cells in the ischemic penumbra. (E) The number of Nestin/BrdU-positive cells in the ischemic penumbra. (F) The number of Dcx/BrdU-positive cells in the ischemic penumbra. Data are presented as the mean ± SD (n=6). Scale bars=20 μm. ^\*^P\<0.05 and ^\*\*^P\<0.01 vs. the S group; ^\#\#^P\<0.01 vs. the M7 group; ^▲^P\<0.05 and ^▲▲^P\<0.01 vs. the M14 group. SD, standard deviation; BrdU, bromodeoxyuridine; IF, immunofluorescence.](IJMM-45-05-1447-g02){#f3-ijmm-45-05-1447}

![Treadmill training increases the expression level of BDNF and improves the morphology of cortical neurons in the ischemic penumbra after MCAO. (A) Protein expression levels and western blot analysis of BDNF. Data are presented as the mean ± SD (n=3). (B) Immunofluorescence of BDNF-positive cells in the ischemic penumbra. Scale bars=20 μm. (C) The number of BDNF-positive cells in the ischemic penumbra. Data are presented as the mean ± SD (n=6). (D) Transmission electron microscopy showed the neuron nucleus structures (n=3). Scale bars=0.5 μm. ^\*^P\<0.05 and ^\*\*^P\<0.01 vs. the S group; ^\#\#^P\<0.01 vs. the M7 group; ^▲^P\<0.05 and ^▲▲^P\<0.01 vs. the M14 group. S group, sham operation group; M group, model group; MCAO, middle cerebral artery occlusion; SD, standard deviation; BDNF, brain derived neurotrophic protein; DAPI, 4,6-diamidino-2-phenylindole.](IJMM-45-05-1447-g03){#f4-ijmm-45-05-1447}

![Treadmill training increases the repair of myelin in the ischemic penumbra. (A) Protein expression levels and western blot analysis of MBP. Data are presented as the mean ± standard deviation (n=3). (B) LFB staining in the ischemic penumbra after middle cerebral artery occlusion. Scale bars=1,000 μm. ^\*\*^P\<0.01 vs. the S group; ^\#^P\<0.05 vs. the M7 group; ^▲^P\<0.05 vs. the M14 group. S group, sham operation group; M group, model group; MBP, myelin basic protein.](IJMM-45-05-1447-g04){#f5-ijmm-45-05-1447}

![Inhibition of the Wnt/β-catenin pathway abolishes neurogenesis in the ischemic penumbra. (A) Protein expression levels and western blot analysis of Wnt3a. (B) Protein expression levels and western blot analysis of nucleus β-catenin. Data are presented as the mean ± SD (n=3). (C) IF of Nestin/BrdU-positive cells in the ischemic penumbra. (D) IF of Dcx/BrdU-positive cells in the ischemic penumbra. (E) The number of Nestin/BrdU-positive cells in the ischemic penumbra. (F) The number of Dcx/BrdU-positive cells in the ischemic penumbra. Data are presented as the mean ± SD (n=6). Scale bars=20 μm. ^\#\#^P\<0.01 vs. the M7 group; ^▲^P\<0.05 and ^▲▲^P\<0.01 vs. the M14 group. M group, model group; SD, standard deviation; IF, immunofluorescence; BrdU, bromodeoxyuridine.](IJMM-45-05-1447-g05){#f6-ijmm-45-05-1447}

![Inhibitor downregulates BDNF expression and damages the morphology of cortical neurons in the ischemic penumbra after middle cerebral artery occlusion. (A) Protein expression levels and western blot analysis of BDNF. Data are presented as the mean ± SD (n=3). (B) Immunofluorescence of BDNF-positive cells in the ischemic penumbra. Scale bars=20 μm. (C) The number of BDNF-positive cells in the ischemic penumbra. Data are presented as the mean ± SD (n=6). (D) Transmission electron microscopy showed the neuron nucleus structures (n=3). Scale bars=0.5 μm. ^\#\#^P\<0.01 vs. the M7 group; ^▲▲^P\<0.01 vs. the M14 group. M group, model group; SD, standard deviation; BDNF, brain derived neurotrophic factor; DAPI, 4,6-diamidino-2-phenylindole.](IJMM-45-05-1447-g06){#f7-ijmm-45-05-1447}

![Inhibition of the Wnt/β-catenin pathway abolishes myelin repair in the ischemic penumbra. (A) Protein expression levels and western blot analysis of MBP. Data are presented as the mean ± SD (n=3). (B) Luxol fast blue staining in the ischemic penumbra after middle cerebral artery occlusion. ^\#\#^P\<0.05 vs. the M7 group; ^▲▲^P\<0.01 vs. the M14 group. M group, model group; MCAO, middle cerebral artery occlusion; MBP, myelin basic protein; SD, standard deviation.](IJMM-45-05-1447-g07){#f8-ijmm-45-05-1447}

![Inhibition of the Wnt/β-catenin signaling pathway suppresses exercise-promoted neurogenesis in the ischemic penumbra. (A) Protein expression levels and western blot analysis of Wnt3a. (B) Protein expression levels and western blot analysis of nucleus β-catenin. Data are presented as the mean ± SD (n=3). (C) IF of Nestin/BrdU-positive cells in the ischemic penumbra. (D) IF of Dcx/BrdU-positive cells in the ischemic penumbra. (E) The number of Nestin/ BrdU-positive cells in the ischemic penumbra. (F) The number of Dcx/BrdU-positive cells in the ischemic penumbra. Data are presented as the mean ± SD (n=6). Scale bars=20 μm. ^\$\$^P\<0.01 vs. the EM7 group; ^&^P\<0.05 and ^&&^P\<0.01 vs. the EM14 group. EM group, treadmill training model group; IF, immunofluorescence; BrdU, bromodeoxyuridine.](IJMM-45-05-1447-g08){#f9-ijmm-45-05-1447}

![Inhibition of the Wnt/β-catenin signaling pathway abolishes exercise-promoted BDNF expression and the morphology of cortical neurons in the ischemic penumbra after middle cerebral artery occlusion. (A) Protein expression levels and western blot analysis of BDNF. Data are presented as the mean ± SD (n=3). (B) Immunofluorescence of BDNF-positive cells in the ischemic penumbra. Scale bars=20 μm. (C) The number of BDNF-positive cells in the ischemic penumbra. Data are presented as the mean ± SD (n=6). (D) Transmission electron microscopy showed the neuron nucleus structures (n=3). Scale bars=0.5 μm. ^\$\$^P\<0.05 vs. the EM7 group; ^&^P\<0.05 and ^&&^P\<0.01 vs. the EM14 group. EM group, treadmill training model group. BDNF, brain derived natriuretic factor; SD, standard deviation.](IJMM-45-05-1447-g09){#f10-ijmm-45-05-1447}

![Inhibition of the Wnt/β-catenin signaling pathway abolished exercise-promoted myelin repair in the ischemic penumbra. (A) Proteins expression levels and western blot analysis of MBP. Data are presented as the mean ± standard deviation (n=3). (B) Luxol fast blue staining in the ischemic penumbra after middle cerebral artery occlusion. ^\$^P\<0.05 vs. the EM7 group; ^&&^P\<0.01 vs. the EM14 group. MBP, myelin basic protein.](IJMM-45-05-1447-g10){#f11-ijmm-45-05-1447}

###### 

Modified neurological severity score points.

  ------------------------------------------------------------------------------------------------- ----
  Motor tests                                                                                       
   Raising rat by tail                                                                              3
    Flexion of forelimb                                                                             1
    Flexion of hindlimb                                                                             1
    Head moved 10 to vertical axis within 30 sec                                                    1
   Placing rat on floor (normal=0; maximum=3)                                                       3
    Normal walk                                                                                     0
    Inability to walk straight                                                                      1
    Circling toward paretic side                                                                    2
    Falls down to paretic side                                                                      3
  Sensory tests                                                                                     2
   Placing test (visual and tactile test)                                                           1
   Proprioceptive test (deep sensation, pushing paw against table edge to stimulate limb muscles)   1
   Beam balance tests (normal=0; maximum=6)                                                         6
   Balances with steady posture                                                                     0
   Grasps side of beam                                                                              1
   Hugs beam and 1 limb falls down from beam                                                        2
   Hugs beam and 2 limbs fall down from beam, or spins on beam (\>60 sec)                           3
   Attempts to balance on beam but falls off (\>40 sec)                                             4
   Attempts to balance on beam but falls off (\>20 sec)                                             5
   Falls off; no attempt to balance or hang on to beam (\<20 sec)                                   6
  Reflex absence and abnormal movements                                                             4
   Pinna reflex (head shake when auditory meatus is touched)                                        1
   Corneal reflex (eye blink when cornea is lightly touched with cotton)                            1
   Startle reflex (motor response to a brief noise from snapping a clipboard paper)                 1
   Seizures, myoclonus, myodystony                                                                  1
   Maximum points                                                                                   18
  ------------------------------------------------------------------------------------------------- ----

One point is awarded for inability to perform the tasks or for lack of a tested reflex: 13--18, severe injury; 7--12, moderate injury; 1--6, mild injury.

###### 

Modified neurological severity scores post middle cerebral artery occlusion.

  Group   N    1 day                                                      7 days                                                     14 days
  ------- ---- ---------------------------------------------------------- ---------------------------------------------------------- ----------------------------------------------------------
  S       19   0                                                          0                                                          0
  M       38   5.47±0.89[a](#tfn3-ijmm-45-05-1447){ref-type="table-fn"}   4.95±0.96[a](#tfn3-ijmm-45-05-1447){ref-type="table-fn"}   3.58±0.79[a](#tfn3-ijmm-45-05-1447){ref-type="table-fn"}
  EM      38   5.34±0.94                                                  4.21±0.58[b](#tfn4-ijmm-45-05-1447){ref-type="table-fn"}   2.61±0.82[b](#tfn4-ijmm-45-05-1447){ref-type="table-fn"}
  IM      38   5.55±0.83                                                  5.58±0.92[b](#tfn4-ijmm-45-05-1447){ref-type="table-fn"}   4.26±0.89[b](#tfn4-ijmm-45-05-1447){ref-type="table-fn"}
  IEM     38   5.29±0.90                                                  4.89±0.83[c](#tfn5-ijmm-45-05-1447){ref-type="table-fn"}   2.81±0.90

Data were presented as mean ± standard deviation, ANOVA.

P\<0.05 vs. the same period of S.

P\<0.05 vs. the same period of M.

P\<0.05 vs. the same period of EM.

S group, sham operation group; M group, model group; EM group, treadmill training model group; IM group, inhibitor treatment model group; IEM group, Inhibitor treatment and treadmill training model group.

###### 

Results of infarct volume in each group after middle cerebral artery occlusion (%).

  Group   N   7 days                                                       14 days
  ------- --- ------------------------------------------------------------ ------------------------------------------------------------
  S       3   0                                                            0
  M       5   37.92±1.50[a](#tfn8-ijmm-45-05-1447){ref-type="table-fn"}    23.37±1.75[a](#tfn8-ijmm-45-05-1447){ref-type="table-fn"}
  EM      5   26.28±2.68[b](#tfn9-ijmm-45-05-1447){ref-type="table-fn"}    8.19±3.86[b](#tfn9-ijmm-45-05-1447){ref-type="table-fn"}
  IM      5   54.89±6.21[b](#tfn9-ijmm-45-05-1447){ref-type="table-fn"}    35.25±1.20[b](#tfn9-ijmm-45-05-1447){ref-type="table-fn"}
  IEM     5   33.41±1.77[c](#tfn10-ijmm-45-05-1447){ref-type="table-fn"}   18.05±2.12[c](#tfn10-ijmm-45-05-1447){ref-type="table-fn"}

Data were presented as mean ± standard deviation, ANONE.

P\<0.05 vs. the same period of S.

P\<0.05 vs. the same period of M.

P\<0.05 vs. the same period of EM.

S group, sham operation group; M group, model group; EM group, treadmill training model group; IM group, inhibitor treatment model group; IEM group, Inhibitor treatment and treadmill training model group.
